Successful viral replication is dependent on a conducive cellular environment; thus, viruses must be sensitive to the state of their host cells. We examined the idea that an interplay between viral and cellular regulatory factors determines the switch from Kaposi's sarcoma-associated herpesvirus (KSHV) latency to lytic replication. The immediate-early gene product K-Rta is the first viral protein expressed and an essential factor in reactivation; accordingly, this viral protein is in a key position to serve as a viral sensor of cellular physiology. Our approach aimed to define a host transcription factor, i.e., host sensor, which modulates K-Rta activity on viral promoters. To this end, we developed a panel of reporter plasmids containing all 83 putative viral promoters for a comprehensive survey of the response to both K-Rta and cellular transcription factors. Interestingly, members of the NF-B family were shown to be strong negative regulators of K-Rta transactivation for all but two viral promoters (Ori-RNA and K12). Recruitment of K-Rta to the ORF57 and K-bZIP promoters, but not the K12 promoter, was significantly impaired when NF-B expression was induced. 
Kaposi's sarcoma-associated herpesvirus (KSHV), also designated human herpesvirus 8, has been linked to Kaposi's sarcoma (KS) (8) as well as primary effusion lymphoma (or body cavity B-cell lymphoma [BCBL] ), and a subset of multicentric Castleman's disease (54) . Although infrequent in the United States, Europe, and Asia, this virus shows a significant prevalence in the Mediterranean area and is common in several countries in sub-Saharan Africa (9) . KS has emerged as the major malignancy in human immunodeficiency virus-infected AIDS patients coinfected with KSHV (48) . Similar to other oncogenic herpesviruses, malignant transformation requires that KSHV enter into a latent state, in which all but a few viral genes involved in latency and/or transformation are silenced. Viral replication, which recruits target cells and creates a unique paracrine environment, is a critical prelude to disease development (11) . Importantly, KSHV also encodes genes that govern cellular transformation, evasion of apoptosis, aberrant angiogenesis, and an inflammatory tumor microenvironment (3, 16) . These genes are important for enabling the virus to establish chronic infection by various mechanisms, such as evasion of host immune responses.
Epidemiological and clinical data support the concept that chronic inflammation potentiates or promotes tumor development, growth, and progression. Proinflammatory gene products involved in these oncogenic processes include tumor necrosis factor alpha (TNF-␣), interleukin-6 (IL-6), IL-8, and vascular endothelial growth factor. Expression of these immunomodulatory proteins is mainly regulated by members of the NF-B family of transcription factors that function as either dimers or heterodimers (21) . The classical transactivating form of NF-B is composed of RelA (p65)/p50 heterodimers. NF-B dimers and heterodimers are kept sequestered in the cytoplasm by interaction with one of several inhibitors, which are designated IB proteins (21) . Upon cell stimulation, IB is phosphorylated and degraded in a proteosome-dependent manner, and the active dimer or heterodimer NF-B is released and translocates to the nucleus (21) . Because IB expression is regulated by NF-B, new IB protein is synthesized and accumulates to serve as negative feedback for the NF-B signal. Several KSHV gene products activate the NF-B pathway; these include the viral G protein-coupled receptor, K15 protein, viral FLICE/caspase 8 inhibitory protein (v-FLIP), and K1 protein (16, 52, 55, 59) . Importantly, activation of NF-B is required for direct and paracrine mechanisms of viral neoplasia as well as cell transformation by this virus (16, 43) . Ironically, recent studies showed that NF-B repressed lytic viral replication (1, 15) . These findings, however, implicated a model that inflammation caused by KSHV infection may be a pression was confirmed by immunoblotting. To avoid variation associated with cell clones, 10 inducible clones were combined and used for this study.
Immunoprecipitation and immunoblot analyses. Cells were rinsed in ice-cold phosphate-buffered saline (PBS), and 1 ϫ 10 7 cells were lysed in EBC lysis buffer (50 mM Tris-HCl [pH 7.5], 120 mM NaCl, 0.5% NP-40, 50 mM NaF, 200 M Na2VO4, 1 mM phenylmethylsulfonyl fluoride) supplemented with a protease inhibitor cocktail (Roche). After centrifugation (15,000 ϫ g for 10 min at 4°C), 20-l volumes of protein A-and protein G-Sepharose beads (Upstate) were added to the supernatants and preincubated overnight at 4°C. A 500-g aliquot of each of the cleared supernatants was reacted with respective antibodies for 3 h at 4°C with gentle rotation. The immune complex was captured by the addition of 20 l of a protein A-and protein G-Sepharose bead mixture and rocked for an additional 2 h at 4°C. Beads were washed four times with EBC buffer and boiled for 5 min in 20 l of 2ϫ sodium dodecyl sulfate (SDS) sample buffer (125 mM Tris-HCl [pH 6.8], 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.6% bromphenol blue).
293T cells were cotransfected with 2 g of p3HA-RBP-Jk and 2 g of pFlagRelA or pFlag-empty expression plasmids, using FuGENE 6 (Roche) according to the supplier's recommendations. A reciprocal experiment with 2 g of pHARelA and pFlag-RBP-J or pFlag-empty was similarly performed. The cells were harvested 48 h after transfection and lysed in EBC buffer. Aliquots of 500 g of cell lysates were immunoprecipitated with the addition of 25 l of anti-Flag antibody-conjugated agarose (Sigma). Beads were washed four times with EBC buffer and then boiled for 5 min in 20 l of 2ϫ SDS sample buffer. Protein samples from total cell lysates (50 g/lane) or immunoprecipitates were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred as described below.
For immunoblotting, cells were rinsed in ice-cold PBS, and 1 ϫ 10 7 cells were lysed in radioimmunoprecipitation assay buffer (10 mM Tris-HCl [pH 7.5], 1.0% NP-40, 0.1% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with a protease inhibitor cocktail (Roche). After centrifugation (15,000 ϫ g for 10 min at 4°C), protein concentration was measured by using a bicinchoninic acid protein assay kit (Pierce), and equal amounts of total cell lysates were subjected to a SDS-PAGE and subsequently transferred to a polyvinylidene fluoride membrane (Millipore) using a semidry transfer apparatus (Bio-Rad). Final dilution of primary antibody was 1:4,000 for anti-K-Rta immunoglobulin G (IgG), 1 g/ml of anti-K-bZIP IgGЈ at 1:1,000 for anti-Flag antibody (Sigma), 1:500 for anti-K8.1 antibody (Advanced Biotechnology), 1 g/ml of anti-RelA (Cell Signaling), and 1:1,000 for anti-RBP-J (Abcam).
In vitro interaction assay. Purified proteins (100 ng each) were mixed in the binding buffer (20 mM HEPES [pH 7.9], 150 mM NaCl, 1 mM EDTA, 4 mM MgCl 2 , 1 mM dithiothreitol, 0.02% NP-40, 10% glycerol supplemented with 1 mg/ml bovine serum albumin [BSA], 0.5 mM phenylmethylsulfonyl fluoride, and 1ϫ protease inhibitor cocktails) and then incubated for 30 min at 4°C. After 10-fold dilution with the binding buffer, 3 g of anti-RelA antibody was added to the mixture and incubated for another 1 h at 4°C to form immunocomplex. The immunocomplex was captured with 20 l of a protein A and protein G beads mixture. Beads were washed four times with binding buffer and boiled for 5 min in 2ϫ SDS sample buffer (125 mM Tris-HCl [pH 6.8], 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.6% bromphenol blue) and subjected to SDS-PAGE.
ChIP assay. TREx-RelA-IRES-K-Rta BCBL-1 cells or TREx-IB␣-IRES-KRta cells (3 ϫ 10 7 /time point) were seeded in RPMI plus 15% serum, at a density of 5 ϫ 10 5 /ml, allowed to recover for 15 h, and pulsed with 100 ng/ml doxycycline for 4 h, after which time the medium was changed to prevent overexpression of K-Rta. At various time points following the treatment, the cultures were cross-linked and fixed with formaldehyde solution (0.1 M NaCl, 1 mM EDTA, 50 mM HEPES, pH 7.5, and 11% HCHO with CH 3 OH) for 10 min at room temperature. A chromatin immunoprecipitation (ChIP) assay was performed as described previously (25) . Chromatin fragments were immunoprecipitated with 5 g of anti-K-Rta IgG or preinoculated rabbit IgG overnight at 4°C with gentle rotation. After reverse cross-linking at 65°C overnight, the DNA fragments were purified with a QIAquick PCR purification kit (Qiagen).
Real-time qPCR for ChIP analysis. Eluted DNA from each ChIP assay was diluted 1:50 in double-distilled H 2 O and used as a template for quantitative PCR (qPCR) with the primer sets listed in Table 2 . Five microliters of template was used per 25-l reaction mixture, and all samples were analyzed in triplicate using SYBR green 2x master mix (Bio-Rad) on an iCycler iQ thermal cycler (Bio-Rad). After an initial denaturation and activation incubation of 3 min at 95°C, 45 cycles of three-step cycling were performed with an annealing temperature of 60°C. Melt curve analysis was performed to verify product specificity. Relative fold induction over IgG for each immunoprecipitate and time point was determined by applying the ⌬Ct as a power of 2, with standard deviations calibrated to account for variances in IgG and IP-DNA signal, and then propagated logarithmically. All primer sets were assayed for all time points from at least two independent experimental replicates. Primers used for qPCR are listed in Table 2 .
Quantification of encapsidated KSHV genome. Two hundred microliters of cell culture supernatant was treated with 12 g of DNase I for 15 min at room temperature to degrade unencapsidated DNA. This reaction was stopped by addition of EDTA to 2 mM and heat inactivation at 70°C for 15 min. Viral genomic DNA was purified from the digested supernatant using a QIAmp MinElute virus spin kit (Qiagen) and eluted in 100 l of AVE buffer supplied by the manufacturer. In order to quantify viral copy number, 2 l of the eluate was amplified in triplicate by qPCR using an iCycler iQ thermal cycler (Bio-Rad). The PCR mix contained primers targeting the coding region of ORF73 (K-ORF73 Fw, 5Ј-CGAATACCGCTATGTACTCAGA-3Ј; K-ORF73 Rev, 5Ј-CG CCTCATACGAACTCCAG-3Ј), flanking the hybridization site of a 5Ј-6-carboxyfluorescein-labeled probe with a 3Ј Black Hold quencher (K-ORF73 probe, 5Ј-6-carboxyfluorescein-TCAGAACATCACCACCCCACAGAC-Black Hole quencher-3Ј [Integrated DNA Technologies]) as well as 2ϫ qPCR master mix (Eurogentec). Threshold cycle number for each sample was used in comparison to a standard curve generated using an ORF73 expression plasmid to determine absolute copy number in the reaction mixture, from which the number of copies/ml of the initial supernatant was inferred.
Generation of recombinant baculoviruses and protein purification. Spodoptera fugiperda Sf9 cells were maintained EX-CELL 420 medium (JRH Biosciences), and recombinant baculoviruses were generated according to the manufacturer's protocol (Invitrogen). Recombinant baculovirus bacmid DNA was transfected into Sf9 cells by using FuGENE6 (Roche), and recombinant viruses were subsequently amplified twice. Expression of recombinant proteins was confirmed by immunoblotting with anti-Flag monoclonal antibody (Sigma). A large-scale culture of Sf9 cells (100 ml) was infected with recombinant baculovirus at a multiplicity of infection of 0.1 to 1.0, and cells were harvested 48 h after infection. Recombinant proteins were purified as described previously (25) . Purity and amount of protein was measured by SDS-PAGE and Coomassie blue staining with BSA as a standard.
EMSA. A 50 nM concentration of 32 P-labeled oligonucleotides was used in 20-l reaction mixtures. Probe sequences for the electrophoretic mobility shift assay (EMSA) were as follows: ORF57 promoter probe, 5Ј-AATAATGTTCCC ACGGCCCATTTTT-3Ј; K12 promoter probe, 5Ј-CCCGGGAAATGGGTGG CTAACCCCTACATAAGCAGTTTG-3Ј. Labeled probes were incubated with purified proteins in binding buffer (20 mM HEPES [pH 7.9], 60 mM KCl, 5 mM MgCl 2 , 10 mM dithiothreitol, 0.2 mg/ml BSA, 100 ng dI-dC, 2% glycerol). The final protein concentration (total volume, 20 l) was 100 nM for RBP-J, 400 nM for K-Rta, and 100 nM or 400 nM for NF-B (RelA/p50). Samples were electrophoresed at 140 V in 4% TG0E (25 mM Tris [pH 8.3], 190 mM glycine) gels. Gels were dried and visualized by autoradiography with a PhosphorImager (Bio-Rad).
Reporter assays in transient-transfection experiments. Reporter plasmid was constructed by inserting a promoter region upstream of the firefly luciferase coding region (Luc) in the pGL3-Basic vector (Promega). The KSHV promoter library was created based on published work where available; otherwise putative KSHV promoter regions of approximately 500-bp DNA fragments upstream of the AUG of the respective open reading frame were amplified by PCR using Pfu Table 1) . 293 cells were seeded in 12-well plates at 1 ϫ 10 5 /well in 1.0 ml of Dulbecco's modified Eagle's medium supplemented with 10% FBS and incubated at 37°C with 5% CO 2 . For each well, an equal amount of plasmid DNA, including the reporter and the control or expression plasmid, was transfected using the Fugene6 reagent following the manufacturer's protocol (Roche). Transfected cells were treated with TNF-␣ (Chemicon) at final concentration of 20 ng/ml where indicated. Cell lysates were prepared 48 h after transfection with 1ϫ passive lysis buffer (Promega). A luciferase assay was performed according to the manufacturer's protocol using a Lumat LB 9501 luminometer (Wallac Inc., CA). At least three independent determinations were performed at each setting.
RESULTS
Identification of a cellular cofactor of K-Rta. A functional approach, based on transient-expression assays of test promoters in reporter plasmids, was used to identify potential K-Rta target promoters. Reporter plasmids, each containing one of the 83 KSHV promoters, were cotransfected with the K-Rta expression plasmid in 293 cells (Fig. 1A) . Thirty-four promoters were activated at least 10-fold. To implicate potential cofactors for K-Rta, these promoter sequences were analyzed with a weight matrix-based computer tool, Match, to search for putative transcriptional factor binding sites. This analysis revealed sites for several cellular transcription factors, including C/EBP␣, AP-1, Oct-1, HNF4, and NF-B/Rel. DNA binding motifs for these cellular proteins were frequently conserved in K-Rta-responsive viral promoters compared to nonresponsive promoters. Plasmid vectors designed to express these cellular transcription factors were prepared to investigate a potential coregulatory role in K-Rta-responsive promoters. In reporter assays, NF-B was identified as a strong negative regulator of K-Rta ( Fig. 2A) . Importantly, NF-B repressed K-Rta activity in over 90% of K-Rta-responsive promoters (Table 3 ). In particular, strong repression was observed for the early lytic gene promoters, such as K-bZIP, ORF70/K3, ORF59, and ORF57. Interestingly, the K12 and the Ori-RNA promoters were immune from this repression ( Fig. 2A) . Although many of the K-Rta-responsive promoters modulated by NF-B contain NF-B consensus motifs, others do not, suggesting multiple mechanisms involved in regulation. Alternatively, NF-B may have a broader binding specificity than previously recognized (see below).
Canonical and noncanonical forms of NF-B inhibit K-Rtamediated gene expression. NF-B functions as a hetero-or homodimer which can be produced from the five NF-B subunits: NF-B1 (p50 and its precursor p105), NF-B2 (p52 and its precursor p100), RelA (p65), RelB, and c-Rel. In response to diverse cell stimuli, NF-B is rapidly activated through either the canonical or noncanonical pathway (50) . For this study, the form(s) of NF-B that represses K-Rta was determined. The well-studied ORF57 promoter was used as a model for this assay. Cultures of 293 cells were cotransfected with the K-Rta expression plasmid and different combinations of plasmids expressing the five NF-B subunits. This experiment showed that both the canonical (RelA/p50) and noncanonical (RelB/p52) forms repressed K-Rta efficiently (Fig. 2B) . Transfection of RelA alone also resulted in the repression of K-Rta, which is likely due to the high level of endogenous p50 in 293 cells as well as physical association with RBP-J (see below). Importantly, similar results were also observed for K-bZIP and ORF8 promoters (data not shown). If the NF-B pathway specifically represses K-Rta-mediated gene expression, a prediction is that inhibition of this pathway might enhance K-Rta activation. Accordingly, a plasmid expressing the NF-B inhibitor, IB␣, was cotransfected with both the K-Rta expression plasmid and the ORF57 promoter reporter plasmid. Indeed, IB␣ enhanced K-Rta-mediated gene expression over twofold. In contrast to IB␣, RelA strongly inhibited K-Rta-mediated gene expression (Fig. 2C ). These results demonstrate that NF-B is a strong repressor of K-Rta, and importantly, most of the K-Rta-responsive promoters are repressed by NF-B.
NF-B inhibits KSHV reactivation. NF-B inhibits K-Rtamediated gene expression in over 90% of K-Rta-responsive promoters in 293 cells. This finding prompted an analysis of whether NF-B is a negative regulator of KSHV reactivation, because K-Rta is the trigger of lytic replication. Previous work by Brown et al. and Grossmann et al. showed that NF-B inhibitors trigger the reactivation of several herpesvirus latent genomes, in a cell context-dependent manner (1, 15) . In this study, the BCBL-1 cell line, harboring latent KSHV, was utilized to prepare derivative cell lines for dual induction of K-Rta and either NF-B or IB␣ (Fig. 3A) . This approach obviated the complications of using chemicals (i.e., phorbol ester or sodium butylate) to induce reactivation, because such treatments also influence many cell signaling cascades, including the NF-B pathway (50, 57) . For induction, cells were treated with doxycycline for 4 hours to trigger lytic viral replication. Four hours of induction was confirmed to be sufficient for producing lytic reactivation, as verified by measuring levels of expression of the late viral K8.1 protein at 72 h after induction (Fig. 4A) . Importantly, this approach, based on a short induction period, also avoids accumulation of K-Rta protein, which may produce nonspecific binding. Twelve hours after reactivation, one of the K-Rta targets, K-bZIP, was probed with specific antibody. Consistent with the reporter assay, the level of K-bZIP expression was significantly impaired in RelA-K-Rta-inducible cells compared to IB␣-K-Rta-inducible cells (Fig. 3B) . Furthermore, transcript levels of five other K-Rta target genes were measured by qPCR (Fig. 3C) . Early lytic genes were chosen to avoid the potential complications associated with viral DNA replication. As before, RelA significantly inhibited K-Rta-mediated gene expression. Consistent with the reporter assay data, K12 gene expression was relatively unaffected compared to other viral genes. Importantly, the expression of LANA, a latent gene whose expression is (36, 37) . Previous studies showed that both the Ori-RNA and K12 promoters, which are not repressed by NF-B, are the major binding targets of K-Rta, presumably through direct binding of K-Rta to sequence targets in these promoters (Ellison and Izumiya, unpublished) . Close inspection of viral promoters regulated by K-Rta revealed that a core binding sequence of RBP-J (5Ј-TGGGAA-3Ј) also partially overlapped the target site for NF-B (5Ј-GGRNNTYCC-3Ј). In addition, the KSHV genome contains a large number of potential RBP-J binding sites, which are not detected in the Match program. We therefore propose that NF-B mediates K-Rta repression by antagonizing RBP-J binding to target promoter. This can occur via competitive binding of the DNA target and/or formation of an inactive complex between NF-B and RBP-J. Thus, an experiment was designed to determine whether K-Rta recruitment to RBP-J target promoters, such as ORF57 and KbZIP, is inhibited by NF-B expression. Cultures of dual inducible cell lines were treated with doxycycline for 4 hours and harvested at different time points. First, comparable amounts of K-Rta and induction of reactivation were confirmed by immunoblotting (Fig. 4A) . Subsequently, ChIP was performed with highly purified anti-K-Rta antibody. The background (negative control) antibody was preimmune rabbit IgG from the same rabbit. ChIP DNAs from independent experiments were quantified by qPCR and low-cycle PCR (Fig. 4B) . The results showed that recruitment of K-Rta to both the ORF57 and K-bZIP promoters was significantly inhibited in RelA-K-Rta-inducible cells, particularly at the 24-h time point. In contrast, K-Rta recruitment to the K12 promoter was relatively unaffected (Fig. 4B ). These results demonstrate that NF-B represses K-Rta through inhibition of K-Rta binding to target promoters. In addition, ChIP analysis with RelA antibody was performed. RelA was recruited to the ORF57 promoter in RelA-K-Rta-inducible cells but not IB-K-Rta-inducible cells (data not shown).
NF-B inhibits binding of RBP-J to target DNA. The previous ChIP analysis suggested that the mechanism of K-Rta repression may involve association between RBP-J and NF-B on the target viral promoter. To further examine this possibility, a gel mobility shift assay (i.e., EMSA) was performed with purified proteins. The RBP-J, RelA, NF-B1 p50, and K-Rta were expressed with recombinant baculoviruses and purified from infected insect cells by affinity to the Flag tag. Bound proteins were gently eluted by competition with 3ϫ Flag peptide (Fig. 5A) . Double-stranded oligonucleotides representing K-Rta-responsive elements from the ORF57 or K12 promoters were used as probes. As expected, RBP-J bound the K-Rta-responsive elements of the ORF57 promoter (Fig. 5B, gel a, lane 2) ; the interaction was competed with the specific sequence competitor but not with the AP-1 binding sequence (i.e., a nonspecific competitor control) (Fig.  5B, gel a, lanes 3 and 4) . Importantly, the RBP-J band shifted in the presence of NF-B; this shifted band with both proteins was different from the one with NF-B alone, indicating a possible ternary complex (Fig. 5B, gel a, lanes 5 and 6) . Interestingly, at a lower concentration of NF-B (equimolar with RBP-J), NF-B directly forms a complex with the target sequence replacing RBP-J (Fig. 5B, gel b, lane 5) . At a higher concentration, NF-B and RBP-J form a ternary complex with the DNA probe (Fig. 5B, gel b, lane 6) . Interaction between NF-B and RBP-J was confirmed by supershift with anti-RBP-J antibody (Fig. 5B, gel b, lane 7) . These results indicate that NF-B is not only able to compete with RBP-J for DNA binding but also to form a complex with RBP-J on target DNA. Although the band intensity was very low, the slower-migrating band was observed when K-Rta was incubated with RBP-J (Fig. 5B, gel a, lane 7) . Importantly, incubation with NF-B completely eliminated the band corresponding to the RBP-J/K-Rta complex, indicating that NF-B is able to perturb the formation of the K-Rta/RBP-J-DNA a The fold activation over the vector-transfected luciferase value is shown. The covariances (as percentages) of triplicate wells are also shown.
complex. Binding of K-Rta alone to the ORF57 promoter was not observed even with an eightfold excess of K-Rta to the probe in this setting (Fig. 5B, gel a, lane 9) . However, when the amount of K-Rta was further increased to a 20-fold excess of the probe, or when dI-dC was eliminated from the binding reaction mixture, a band shift was detected (data not shown); this result is likely due to nonspecific binding. In the same setting, K-Rta alone but not RBP-J efficiently bound to the K12 probe (Fig. 5G, gel b, lanes 2 and 4) , and this binding was effectively outcompeted by specific competitor bearing the target sequence (Fig. 5B, gel b, lane 5) . These results provide evidence for two distinguishable mechanisms of K-Rta binding to the promoters. Taken together, the data support a model in which repression of K-Rta by NF-B is caused by its ability to dislodge the active K-Rta/RBP-J complex from the target promoter by either directly competing for DNA binding or by the formation of an inactive NF-B/RBP-J complex.
NF-B physically associates with RBP-J. Analysis by EMSA suggested a physical interaction between NF-B and RBP-J. Accordingly, the interaction between NF-B and RBP-J was further examined. Purified forms of these two proteins were incubated in binding buffer, and the interaction was analyzed by immunoprecipitation with specific antibody. The results demonstrated direct association between RelA and RBP-J (Fig. 6A) . The interaction was further confirmed in vivo by the detection of NF-B and RBP-J complex in 293T cells. The Flag-tagged RelA was cotransfected with HA-tagged RBP-J into 293T cells. Coprecipitation of RelA and RBP-J was detected by immunoprecipitation with Flag antibody followed by Western blotting with HA antibody and vice versa (Fig. 6B) . To determine the physiological relevance of this interaction, an NF-B reporter plasmid was constructed, and the effect of RBP-J on NF-B-mediated gene expression was examined. The NF-B reporter plasmid was cotransfected with RBP-J expression plasmid, and NF-B was activated by adding TNF-␣ to the culture medium. RBP-J strongly inhibited NF-B-mediated gene expression in a dose-dependent manner. This result shows that RBP-J and NF-B antagonize 
DISCUSSION
KS is a multifocal angioproliferative neoplasm characterized by inflammation, edema, neoangiogenesis, and spindle cell proliferation. These pathological effects are associated with NF-B activation. Inflammation associated with KSHV infection could contribute to maintenance of the latent state by inhibiting the activity of the viral "switch protein," K-Rta, which plays the central role in viral reactivation and lytic replication. It has previously been reported that NF-B negatively regulates K-Rta transactivation potential (1), but the detailed mechanism was not pursued in that study. A KSHV genomewide search revealed that transcription of 32 K-Rta-responsive viral genes was repressed by NF-B. This finding set the stage for analysis of the mechanism by which NF-B inhibits K-Rtamediated expression of viral genes. Because of this broad repression involving promoters of many viral genes, we first considered a sequestration model, in which overexpression of NF-B removes K-Rta from its active pool or a cellular coactivator(s) from K-Rta. Both K-Rta and NF-B have been shown to interact with coactivators, including CBP and p300 (13, 19) . This model was tested by overexpression of CBP in a transient-expression reporter assay; however, CBP did not rescue K-Rta transactivation (data not shown). Second, we examined the physical interaction between K-Rta and RelA by cotransfection in 293T cells; this experiment also did not provide sufficient evidence for this interaction. Based on these negative results, we proposed that K-Rta inhibition by NF-B is due to competition for DNA binding between NF-B and a cellular factor(s) which K-Rta utilizes to bind to viral promoters. This idea was supported by our earlier findings, in which two promoters immune from NF-B-mediated repression were major targets for direct binding by K-Rta during reactivation (11a). Interestingly, repression was also observed in viral promoters that lack the typical NF-B consensus motif, 5Ј-GGRNNTYC C-3Ј. However, this was partly explained by a recent observation that the majority of RelA-bound loci in the human genome do not contain the RelA binding motif (38, 44) . In fact, neither the ORF57 promoter nor the K-bZIP promoter contains a consensus target sequence for NF-B. Nonetheless, we demonstrated NF-B binding to the promoter sequence by both gel shift and ChIP assay, suggesting that NF-B may have a previously unrecognized, broader specificity of DNA binding.
If NF-B competes DNA binding with other cellular factors, what is the target cellular transcriptional factor? K-Rta associates with a large number of transcription regulators, including RBP-J, C/EBP␣, Oct-1, STAT3, SWI/SNF, CBP, and TRAP/Mediator (2, 18-20, 22, 36) . Close analysis revealed that the RBP-J binding core sequence (5Ј-TGGGAA-3Ј) was conserved at 113 sites in the KSHV genome. This sequence is contained in 37 of 83 KSHV promoters and in 22 of 34 K-Rtaresponsive promoters. The genome of this virus contains 20 sites that exactly match the RBP-J consensus site (5Ј-CGTG GGAA-3Ј), and 11 of these sites are located in K-Rta-responsive promoter regions. Furthermore, this analysis even excluded the K-bZIP promoter, which contains a similar sequence (5Ј-GTGAGAA-3Ј); this sequence also binds RBP-J (60) . Considering the large number of possible RBP-J binding sites on the viral genome, this cellular protein is likely a key regulatory factor for most of the K-Rta-mediated transactivation events. Therefore, we examined interactions of RBP-J and NF-B. Importantly, a coregulatory role between RBP-J and NF-B has been established for several cellular promoters that contain overlapping DNA recognition motifs for these two proteins (28, 35, 47) . Furthermore, a functional interplay between Notch and NF-B signaling pathways has been established. For example, Notch can interact with NF-B1 p50, thus modulating NF-B-dependent gene expression (17, 58) (Fig. 5) . Our results are also consistent with a previous study, which demonstrated that both the Rel homology domain and DNA binding domain of RelA are important for K-Rta inhibition (1) . Although ChIP analyses were performed with RBP-J antibodies to demonstrate competition of DNA binding to KSHV promoters in vivo, we could not detect RBP-J binding on KSHV promoters, even at the 0-h time point in the induction period. This is likely due to the low affinity of the antibodies to RBP-J, which are unable to precipitate chromatin-associated RBP-J.
The viral K12 promoter is not subject to NF-B negative regulation, and its transcript is the most abundant transcript expressed in latent KSHV infection; this transcript is also induced during lytic replication. The K12 transcript produces as many as three variants of the viral kaposin protein (53) , as well as a microRNA (49) , which has been linked to the tumorigenic potential of KSHV. Interestingly, one of the K12 products, kaposin B, was shown to increase the expression of cytokines (45); thus, it is possible that K12 may activate NF-B by an indirect mechanism. This suggests that the expression of K12 may initiate viral latency by providing a steady supply of NF-B without feedback regulation. Our study also showed that NF-B activates expression of latent viral genes (i.e., LANA, v-FLIP, and v-Cyclin) (Fig. 3C) . Such activation of LANA could reinforce the negative feedback loop which downmodu- (16, 32, 33, 55) . Interestingly, expression of the Epstein-Barr virus latent protein, LMP1, is also upregulated by NF-B activation (27) , indicating a conserved mechanism of latent gene activation for gammaherpesviruses. The most important question is why KSHV suppresses its own lytic replication. We suggest that maintaining latency might be the strategy for this virus to survive in the infected host. A similar conclusion was reached by other investigators who showed that KSHV immediately establishes latency after initial infection without expressing the majority of lytic genes, except a few genes that are associated with immunomodulatory functions (31) . In summary, we propose that the molecular switch of KSHV, between latency and lytic replication, is rooted in the balance between the host cell factor, NF-B, and the viral factor, KRta. In addition, we have defined the mechanism of NF-Bmediated repression of K-Rta and shown that this repression is mediated through an interaction between NF-B and a coactivator RBP-J. In our model, the ratio of these two transcription regulatory proteins will determine the fate of virus in the infected individual. Because maintaining latency is one of the most effective strategies for herpesviruses to hide from the host immune system, disrupting the balance of NF-B and K-Rta activity could be the basis for an effective antiviral therapeutic strategy. Thus, NF-B has emerged as a key sensor and regulator of both KSHV replication and host immune responses to this virus.
